Introduction
California is the nation's sole commercial producer of almonds and walnuts (CDFA, 2009) . In 2007, more than 1 million tons of almonds and walnuts were produced in California amounting to more than $3 billion in value. Goldhamer (1996 Goldhamer ( , 1998 estimated that almond and walnut productions require approximately 2.4 and 4.2 m 3 , respectively, of water for each kilogram of nut. Therefore, California needs approximately 3 billion m 3 of water to produce almonds and walnuts. Because water resource is becoming scarce and urban water demand is increasing, there is an urgent need to utilize water wisely for agricultural production. The key is to develop irrigation strategies for a better water use efficiency without affecting quality or quantity of yield. This requires monitoring water status of the plant frequently to properly manage irrigation.
Pressure chamber has been used widely to measure leaf or stem water potential for plant water status determination and irrigation scheduling for many crops (Chauvin et al., 2006; Lampinen et al., 2001; Naor, 2000; Shackel et al., 1997) . However, this conventional method is tedious and time consuming, and frequently result in an inadequate amount of sampling (Cohen et al., 2005) , and is not suitable for commercial applications (Jones, 2004) .
To address these concerns, techniques based on measuring canopy temperature have been developed. When a plant is under stress due to lack of water, it tends to close the stomata to decrease transpiration leading to an increase in leaf temperature. The energy balance of a leaf shows that this change in leaf temperature also depends on ambient conditions (i.e., relative humidity, wind speed, and ambient temperature) and radiation incident on the canopy surface. Fortunately, these parameters can be easily measured in real-time using commercially available sensors. Sensing canopy temperature using infrared thermometers or thermal cameras has shown good potential to estimate plant water status for irrigation scheduling in cotton, corn, grapevine, and pistachios (González-Dugo et al., 2006; Moller et al., 2007; Payero and Irmak, 2006; Testi et al., 2008) . Thermal imaging technique can be scaled up to large areas of crop (Jones, 2004) but involves image processing techniques and can be expensive. A simple infrared thermometer with proper acquisition techniques could be used as a rapid and noncontact sensing device to evaluate plant water status.
The objective of this study was to study the relationship between plant water stress, leaf temperature, and microclimatic parameters and develop classification tools based on plant leaf temperature to discriminate plant water status in almond and walnut trees.
Thermal sensing for plant water status
Response of a plant leaf to plant water status and environmental parameters can be presented by an energy balance scheme (Jackson et al., 1988; Jones, 1992) which mainly consists of net radiation, sensible heat mostly by convection, and latent energy by evaporation across the leaf surface. For a leaf, energy generated form metabolic processes can be neglected. This model shows that leaf temperature depends on air temperature, relative humidity, solar radiation, leaf resistance, and boundary layer resistance. By utilizing proper sensors, we can study the relationship between these parameters. Air temperature, relative humidity, and solar radiation could be easily measured.
Leaf temperature can be measured remotely using an infrared thermometer (IRT) by detecting infrared energy emitted. Boundary layer resistance depends mainly on the shape and size of the leaf and wind speed. Wind passing through the leaves of many plants can be approximated as laminar flow over flat plates (Gates, 1980; Monteith and Unsworth, 2008) . Leaf resistance (r L ) can typically be measured using leaf porometer. Torrecillas et al. (1988) and Shackel (2007) found good correlation between leaf and stem water potential and leaf resistance in almonds. In other words, plant water status affects to leaf resistance and temperature.
Materials and method

Sensor suite
A sensor suite to measure leaf temperature and microclimatic information was developed to study the relationship between leaf temperature along with relevant microclimatic information and plant water status in almonds (Figure 1 ). It consists of an infrared thermometer (IRT) (Model 6000L, Everest Interscience, Tucson, AZ), a PAR sensor LICOR inc., Lincoln, NE) , an air temperature and humidity probe (HMP35C, Visalia Inc., Woburn, MA), and an anemometer (WindSonic, Gill Instruments Ltd., Hampshire, UK). Figure 1 . Sensor suite consisting of an infrared thermometer, a PAR sensor, an air temperature and humidity probe, and an anemometer. All sensors are interfaced with a datalogger. A pressure chamber was used to measure stem water potential. All instruments were installed on a mobile cart to move through the orchard.
Experimental technique
For walnuts, experiments were conducted in 2010 growing season in a Howard walnut (8 years old) and a Chandler walnut (4 years old) orchards located in Arbuckle, CA. For almonds, the experiments were directed in a 5-year-old orchard in Arbuckle, CA, and a 4-year-old orchard in Madera, CA. Both orchards were planted to nonpareil almond variety. In each orchard, 15 trees with various plant water deficit levels were observed several times to test the suitability of this sensor suite to determine plant water status. During a given test (visit to the orchard), leaf temperature, PAR, air temperature, RH, and wind speed were measured using the sensor suite on each tree during 1 to 4 PM at which plant experiences daily maximum water stress (Lampinen et al., 2004) . SWP was measured using a pressure chamber. IR sensor was used to measure the temperatures of five sunlit and five shaded leaves per tree. Each observation consisted of averages of 5 sample of leaf temperature (T L ), air temperature (T A ), photosynthetically active radiation (PAR), relative humidity (RH), and wind speed (v A ) measurements. In addition, one stem water potential (SWP) measurement was taken per tree. This experimental procedure was repeated between 3 to 6 times for a given orchard to archive a wide range of ambient conditions.
Analysis
In 2010, we developed models based on temperature difference between leaf and ambient air (T L -T A ) as functions of SWP, PAR, vapor pressure deficit (VPD), and wind speed with high coefficient of multiple determination (R 2 values) of 0.83 for almonds and 0.84 for walnuts (Udompetaikul et al., 2010) . However, those models included both sunlit and shaded leaves and distribution of light data was essentially bimodal. Range of light levels intercepted by shaded leave was narrow and it was interesting to observe the shaded leaves separately. In addition, VPD is also function of air temperature and relative humidity. It may be appropriate to use air temperature and relative humidity as independent variables instead of a single variable, VPD.
This suggests the use of leaf temperature rather than difference between the temperature of the leaf and air as the dependent variable.
Based on the above, the data were analyzed using SAS software package (SAS Institute, Inc. v.9.2. Cary, NC). Multiple linear regression analysis was used to study relationship between leaf temperature, plant water status, and microclimatic information. By utilizing stepwise model selection approach with k-fold cross validation (Hastie et al., 2009; SAS, 2010) , empirical models for leaf temperature as functions of SWP, PAR, air temperature, RH, and wind speed were developed for each crop and light exposure conditions. Second order polynomial model was used to account for quadratic effects, if any.
Our ultimate interest is to predict plant water status using the data obtained from the sensor suite. However, the leaf temperature was a dependent variable in our model and the plant water stress was an independent variable. We propose a technique to classify the plant water status as stressed and unstressed trees based on the critical values of stem water potential. The prediction models were used to determine critical values of the leaf temperature ( ) corresponding to critical values of stem water potential (SWP c ). Plant will be classified as stressed if its leaf temperature, , is higher than . Classification accuracy was computed by comparing predicted stress to the measured stress level.
Actual tree stress level was defined by considering the plant water potential below the baseline, which is maximum SWP achieved when plant gets fully irrigated. This baseline depends on crop type and vapor pressure deficit. Baseline functions for almonds and walnuts are given by (McCutchan and Shackel, 1992; Shackel et al., 1997) :
Baseline (bar) = -1.20 VPD -4.10 for almonds, = -0.64 VPD -2.78 for walnuts.
The plant stress threshold was defined as a straight line parallel to the baseline. In our study, the plant stress threshold was placed under the baseline by 8 bars and 4 bars for almonds and walnuts, respectively. SWP value on the threshold line is the critical SWP (SWP c ). A Tree was defined as stressed if the measured SWP is lower than the SWP c at that ambient condition (i.e., VPD value). This criterion was used to define the true stress level for the tree samples to evaluate the classification power of each discriminant analysis also.
Further studies using discriminant analyses were performed to distinguish plants into two groups, stressed and unstressed, from leaf temperature, air temperature, RH, PAR, and wind speed data. Stepwise discriminant analysis was used to select a subset of the quantitative variables for use in discriminating trees among the two classes -stressed and unstressed (Klecka, 1980) . Moreover, a canonical discriminant analysis was used to find canonical variables which are linear combinations of the quantitative variables that provide maximal separation between classes (SAS, 2010). Since only two classes were involved in this study, one canonical variable was necessary. Separate analyses were conducted for each crop and light exposure condition. Classification accuracies of discriminant models were determined by performing leave-one-out cross-validation technique (Khattree and Naik, 2000) . All classification techniques were compared to suggest suitable models to discriminate between stressed and unstressed trees.
Results and discussions
Multiple regression models
Based on multiple linear regression analysis of 193 and 74 observational data respectively from almond and walnut trees (table 1), strong relationships between leaf temperature and stem water potential with other microclimatic information were found. Since relationship between parameters was not necessarily linear, a second order polynomial model was used. Prediction models yielded high R 2 values of 0.872 and 0.897 for sunlit and shaded leaves, respectively, for almonds, (Eqns. 1 and 2 in table 2). For walnuts, R 2 values were 0.835 for sunlit leaves and 0.875 for shaded leaves (Eqns. 3 and 4). Both SWP and T A were highly significant in all models, which showed a good relationship between T L , T A , and SWP. For sunlit leaves, PAR level was also significant. Note that PAR was also significant in shaded walnut leaf. Since the parameters utilized in the regression analysis were standardized and PAR value for shaded was relatively low, the square term for the standardized PAR was even lower. When combined with a low regression coefficient (0.34), the effect from PAR was marginal for this model. Wind speed was significant in sunlit leaf models for both crops whereas the RH effect was significant in shaded walnut leaf model.
In addition, linear models, that contain no interaction and quadratic terms, were also explored because of their simplicity. Strong relationships were still found with slightly lower R 2 values compared to the full quadratic models. For almonds, the models yielded high R 2 values of 0.855 for sunlit leaves and 0.894 for shaded leaves (Eqns.5 and 6 in table 3). For walnuts, linear models yielded R 2 values of 0.821 for sunlit leaves and 0.862 for shaded leaves (Eqn.7 and 8). Because of their simplicity to explain the relationship with similar R 2 values to the full quadratic model, the linear parameter models (Eqns. 5 to 8) were used in further studies. 
Plant water stress classification using regression models
When critical SWP values were used in eqns. 5 and 6 for almonds, and 7and 8 for walnuts, critical leaf temperatures as stress thresholds could be calculated. If measured leaf temperature is higher than this critical temperature, the tree is classified as stressed. Table 4 shows result of misclassification from this classification analysis. This approach had total errors of 10.8 and 12.3% for sunlit and shaded walnut trees, respectively. In terms of misclassification of stressed trees as unstressed trees, which is designated as "critically wrong decision" as this has implications on plant growth and yield, the error rates were 5.4% and 6.9% for sunlit and shaded walnut trees, respectively. A less serious error that would lead to over-irrigation (i.e., detecting unstressed trees as stressed) was about 5.5% for all walnut trees. However, in almonds, errors were higher, total errors were 17.6 and 15.0% for sunlit and shaded leaves, respectively. This technique resulted in 8.8 and 5.2% critically wrong decision, and 8.8 and 9.8% over-irrigation decision for sunlit and shaded leaves, respectively. Small size of almond leaves may have been affected by air temperature much more than in walnuts resulting in poorer results in almonds compared to walnuts. In spite higher level of errors in almond, the critical errors were still below 10%. 
Discriminant analyses
Similar to previous classification analysis using MLR models, classification accuracies were evaluated from total error rate and critical error rate. Stepwise discriminant analysis resulted in total error rates for sunlit and shaded almond trees of 16.6 and 16.1%, respectively. The critically wrong decisions were 9.8% for sunlit and 7.3% for shaded conditions. In walnuts, total error rates were 10.8 and 9.6% for sunlit and shaded conditions, respectively. The critically wrong decision was 4.1% for both light exposure conditions. Leaf temperature, air temperature and humidity played important role in classifying almond trees. For sunlit leaves, PAR level was also important in classification analysis. Interestingly, sunlight level did not play a role in classifying walnut trees. For shaded walnuts trees, leaf and air temperature were major factors in assisting with the classification analysis. When the canonical discriminant analysis was used in almonds, total error rates were 16.1% for both light exposure conditions. In walnuts, error rates were 8.8% for sunlit and 9.6% for shaded conditions. In terms of critically wrong decision, there was 9.3% for sunlit and 7.8% for shaded leaves in almonds, and 2.0% for sunlit and 4.1% for shaded leaves in walnuts. This technique could discriminate stress levels in walnut trees using sunlit leaves very effectively by keeping the total and critical errors low. Form the above discussion it is clear that MLR models show a better relationship between the plant water status and the leaf temperature for shaded leaves than sunlit leaves. For both the discriminant analyses, classification accuracies for sunlit and shaded leaves were not significantly different. However, amount of light interception normal to the leaf surface is necessary to make accurate classification of sunlit leaves. This is a very important and interesting outcome as sunlit leaves change leaf orientation depending on the light intensity making it tedious to obtain radiation data normal to the leaf surface. From a practical point of view, it is much more convenient to obtain shaded leaf data using the sensor suite. Results from this study suggest that good discriminant models for walnuts and almonds could be developed using only shaded leaf data.
Conclusions
A proximal sensor suite consisting of an infrared thermometer, an air temperature sensor, a humidity sensor, a PAR sensor, and an anemometer was developed to measured leaf temperature and other relevant microclimatic information to predict plant water status. Based on a series of experiments conducted in almond and walnut orchards to study relationship between data obtained from the sensor suite and the plant water status measured by a standard pressure chamber following conclusions can be drawn:
(i) Multiple linear regression models of leaf temperature as functions of stem water potential, air temperature, relative humidity, photosynthetically active radiation, and wind speed were developed and validated for almond and walnut crops under sunlit and shaded light exposure conditions. Models yielded high coefficient of multiple determination (R 2 ) values from 0.82 to 0.90. By utilizing the concept of critical SWP value in regression models, critical leaf temperature were determined as the threshold value to discriminate tree as stressed or unstressed. This analysis yielded total error rates of 11 to 12% in walnuts and 27 to 38% in almonds. Stepwise discriminant analysis resulted in error rates of 10% to 11% in walnuts and about 16% to 17% in almonds. Canonical discriminant analysis resulted in error rates of 9% to 10% in walnuts and about 16% in almonds.
(ii) When critically wrong decision error rate, which is the overall misclassification of stressed tree, was considered, all the classification techniques yielded 9 to 10% in sunlit almonds, 5 to 8% in shaded almonds, 2 to 5% in sunlit walnuts, and 4 to 7% in shaded walnuts, respectively. The results showed that shaded leaf temperature yielded better correlation to plant water status compared to sunlit leaf temperature in regression analysis models and similar discriminant power in all classification analyses. These results suggest that only shaded leaves could be used in future studies.
